Several magnetic and optical processes contribute to the magneto-optical response of nickel thin films after excitation by a femtosecond laser pulse. We achieved a first complete identification by explicitly measuring the time-resolved Kerr ellipticity and rotation, as well as its temperature and magnetic field dependence in epitaxially grown (111) and (001) oriented Cu͞Ni͞Cu wedges. The first hundreds of femtoseconds the response is dominated by state filling effects. The true demagnetization takes approximately 0.5 -1 ps. At the longer (sub-ns) time scales the spins are found to precess in their anisotropy field. Simple and transparent models are introduced to substantiate our interpretation.
The dynamics of itinerant ferromagnets down to femtosecond time scales is one of the challenging issues of today's magnetism, with potential impact on the future of magnetic recording and spin electronics. Several groups have shown that the magneto-optical (MO) contrast of nickel is reduced within tens to hundreds of femtoseconds after excitation by an intense laser pulse [1] [2] [3] [4] . In most papers to date a direct relation between the MO contrast and the magnetization ( M) is assumed. This would mean that the magnetization relaxation (t M ) proceeds much faster than the electron-phonon equilibration (t ep ϳ 1 ps), and thus cannot be accounted for by spin-lattice relaxation (t sl ). Therefore, purely electronic mechanisms have been suggested, such as a direct electron-spin scattering channel [1] , Stoner excitations [5] , and an effective spin "temperature" being governed entirely by the electron temperature [3] . We believe, however, that a purely electronic mechanism is rather unlikely in its naive form, because the total angular momentum of the electron system J e has to be conserved if interactions with the lattice or any other external degree of freedom are neglected.
The recent debate about conflicting interpretations motivated us to perform more detailed time-resolved MO Kerr effect (TRMOKE) experiments, with the aim to identify the various contributions to the MO dynamics. In this Letter, we demonstrate that differences between the induced MO rotation and ellipticity can be used as a unique fingerprint of "nonmagnetic" contributions, not directly scaling with the true demagnetization. Furthermore, we find that a simple optical "heating" pulse can trigger a rich spectrum of spin-dependent processes. We specifically exploited epitaxial (111) and (001) Cu͞Ni͞Cu wedges, in order to study interface-related spin scattering, the role of thermal diffusion, and the influence of magnetic anisotropy on the spin dynamics, by performing TRMOKE as a function of the Ni thickness, d Ni . Of particular interest here is the twofold reorientation transition in this system. M rotates from in plane, to perpendicular, and via a canted state back to in plane while increasing d Ni , due to an interplay between the various contributions to the uniaxial anisotropy (shape, interface, and strain related) and the cubic crystalline anisotropy [6] .
By means of molecular beam epitaxy Ni wedges with a thickness ranging from 0 to 15 nm were grown on Cu(111) and (001), and capped by 3 nm of Cu. Epitaxial growth was checked in situ by LEED. The equilibrium magnetic properties were verified ex situ by standard MOKE. The (001) samples show an abrupt change from a perpendicular (with square hysteresis loop) to a canted orientation at d Ni ഠ 8 nm, whereas for (111) a pure single domain perpendicular orientation is not observed, and a more vague transition occurs at d Ni ഠ 5 nm (see also Fig. 3 ). TRMOKE experiments were performed with a 70 femtosecond Ti:sapphire laser system (82 MHz,hv ϳ 1.7 eV) in the "double-modulation" configuration as described in [4] . In this Letter we report on experiments in a polar geometry, in which a high aperture laser objective [NA 0.38] is mounted inside the hollow pole tip of an electromagnet ( Fig. 1, inset) . The pump and probe pulses (intensity ratio .20:1) are focused down to overlapping spots of a radius r ഠ 5mm. We verified that the induced MO response scaled linearly with the pump fluence applied (F # 1.5 mJ͞cm 2 ). The pump beam is mechanically chopped at 60 Hz, while the polarization of the probe is modulated at 50 kHz by a photoelastic modulator (PEM). We define a complex polarization rotation c c 0 1 ic 00 , and distinguish between static and pumpinduced contributions according to c c 0 1 Dc. The rotation (c 0 ) and ellipticity (c 00 ) are obtained from the signals at 50 and 100 kHz, respectively, which are measured by means of a Si photodiode and two lock-in amplifiers in series. The first lock-in amplifier, referenced by the PEM, is used to measure c 0 . Its analog output is fed to the second lock-in amplifier (referenced by the chopper) which displays Dc [4] .
A typical result of the time-resolved MO response is presented in Fig. 1 . At zero time delay between pump and probe (t 0) an instantaneous decrease of Dc 00 is found, followed by a rapid recovery of the signal. This behavior is in agreement with other recent work [1] [2] [3] . However, for films with a canted spin orientation we find that beyond 30 ps the signal starts to rise again and finally dies out in a (heavily) damped oscillatory fashion.
An explicit comparison between Dc 0 and Dc 00 , such as displayed in Fig. 1 , is extremely useful in resolving the underlying mechanisms. We note that if a direct relation between the MO response and M were to hold, then this would be valid both for c 0 and c 00 . As a consequence, the equality Dc 0 ͞c 0 0 Dc 00 ͞c 00 0 would have to be fulfilled independent of t. Figure 1 shows that the equality exactly holds down to a few picoseconds. In sharp contrast to this, a completely different profile is observed during the first hundreds of femtoseconds, while small (though reproducible) differences are extended up to ϳ1.5 ps. This demonstrates that-in contrast with previous reportsthe loss of MO contrast cannot directly be related to an instantaneous demagnetization. In order to facilitate a convenient presentation we propose the following conjecture, which will be confirmed below. At t , 0.5 ps, the high excitation density results in a spin-resolved depletion of the oscillator strength, a phenomenon we denote as "dichroic bleaching." At the intermediate (.1 ps) and long time scale (.50 ps) the effects are ascribed to truly magnetic effects, viz., demagnetization and spin precession, respectively.
We first concentrate on the intermediate time scale (0.5-10 ps). In this range, the magnitude of Dc 00 ͞c 00 0 , as well as its temperature dependence will be shown to be compatible with that of thermally induced demagnetization. Although we realize the limited validity of equilibrium concepts like temperature for the initial electron and phonon populations that may be far from thermal equilibrium, a description of the "magnetization" as a function of temperature may become meaningful for t . t ep ഠ 0.5 ps. Assuming a linear relation between Dc 00 , the induced magnetization (DM) and heating (DT ), i.e., in the small-fluence limit, one obtains Dc 00 c 00
The T dependence observed, e.g., in Fig. 2 (c) agrees relatively well with this simple model. Experimentally we find, for t 2 5 ps Dc 00 ͑370 K͒͞Dc 00 ͑300 K͒ ഠ 1.5 6 0.1, whereas substitution of the equilibrium M͑T͒ from Refs. [7, 8] in Eq. (1) yields 1.55 6 0.10. This agreement serves as a first indication that a real demagnetization occurs within a few ps. Figure 2 (e) shows a slower decay of jDc 00 ͞c 00 0 j at increasing d Ni . More specifically, Fig. 3 demonstrates that Dc 00 ͞c 00 0 at 5 ps scales with the fraction of the incident light absorbed in the Ni thin film (f abs , as calculated with an optical transfer-matrix approach, and literature values for the respective dielectric constants). The observation that the response scales with the total deposited energy rather than with the initial temperature just after excitation (which is expected to be independent of d Ni ) suggests that within a couple of picoseconds the excess energy rapidly diffuses out of the Ni film. In general the decay of Dc 00 can be understood by thermal diffusion. Moreover, for films of d Ni . 7 nm and 1.5 , t , 20 ps, a good fit is obtained using the simple expression Dc 00~͑ t 1 t 0 ͒ 21͞2 (where t 0 depends on the diffusion constant D and film thickness). The latter relation is the exact solution for a Gaussian heat profile, and assuming an homogeneous D. Figure 2 (e) contains a corresponding fit of Dc 00 ͞c 00 0 ͑t͒ for the 13 nm film. The fact that Dc 00 is described by a simple diffusion model down to ϳ1.5 ps indicates that at those time scales magnetic relaxation does not play a significant role. We conclude that the demagnetization has been completed already within 1.5 ps.
The ͑t 1 t 0 ͒ 21͞2 dependence of Dc 00 allows a relatively safe extrapolation to t 0. The resulting value, Dc 00 ͞c 00 0 20.048, corresponds to the induced MO response in equilibrium (i.e., after completion of the demagnetization) if diffusion were negligible. From f abs 0.19 (Fig. 3) , a pulse energy E p 1.6 nJ, r 5 mm, and C p 28 J͑͞K mol͒, we estimate DT ഠ 75 K. Substitution of this value and the equilibrium M͑T͒ ͕͓dM͑T͒͞dT ͔͞M ഠ ͑5.0 6 0.5͒ 3 10 24 K 21 at 300 K [7, 8] ͖ in Eq. (1) yields DM͞M 0 ഠ 20.04. Its good agreement with the experimentally observed 20.048 confirms that after the first ps the magnetization is dictated by the temperature of the irradiated Ni film. We emphasize that these observations are independent of the crystalline orientation and the applied field. As an example, applying a field perpendicularly to the film (H kẑ) in the canted regime pulls M out of plane. As a consequence, both c 00 0 and Dc 00 (proportional to M z and DM z , respectively) are significantly increased at high H [see the hysteresis loop in Fig. 2(a) ]. Nevertheless, the properly normalized Dc 00 ͞c 00 0 is completely unaffected by H, as demonstrated in Fig. 2(a) .
Next we turn our attention to the dynamics during the first hundreds of fs. No H dependence, and only a relatively weak T and d Ni dependence, is observed [ Figs. 2(a) , 2(c), and 2(e)]. This behavior is consistent with an effect that solely scales with the effective excitation density f exc . The number of excited electrons per Ni atom follows from f exc ഠ f abs ͑d Ni ͒ ͓E p ͞hv͔V Ni ͓͞pr 2 d Ni ͔ ഠ 0.012, where V Ni is the Ni atomic volume. We will argue below that even such a relatively low excitation density suffices for a dichroic bleaching of ϳ0.1, being the value of Dc 00 ͞c 00 0 right after excitation in Fig. 2 [9] . It should be realized that out of all states throughout the Brillouin zone (with a total volume V BZ ) only a selected set (contained in a volume V exc ø V BZ ) will contribute to the optical response at the given photon energy. Thus, immediately after excitation an enhancement is expected, described by bleaching effects of the order of f exc V BZ ͞V exc ¿ f exc . This indicates that state filling effects may well account for the initial response in the TRMOKE experiments, even if some thermalization takes place within the duration of the laser pulse. A quantative interpretation of the dynamic evolution of the bleaching requires all details of the band structures, matrix elements, etc., which ranges far beyond the scope of this paper.
Obviously, these nonmagnetic contributions hinder a proper assessment of the relaxation time t M involved with the ultrafast demagnetization. Nevertheless, a possible separation method is suggested in Fig. 2(c) . The difference between two Dc 00 scans recorded at different T does not show an instantaneous increase at t 0, and its first extremum is found around ϳ0.7 ps. Assuming a negligible T dependence of the "state filling" effects, this value might be considered as a rough estimate of t M .
We continue with discussing the slower processes, which surprisingly appeared after 30 ps. We identified the oscillations as a precession of M. The possibility to optically launch such a spin precession can be attributed to a thermal modification of the equilibrium spin canting angle (u c ). The latter is T dependent through its relation with the uniaxial and cubic anisotropy, described by the K 2 and K 4 anisotropy constants, respectively. The mechanism is somewhat resembling to the precession induced by optically modifying the "exchange biasing" between NiO͞Ni 0.8 Fe 0.2 [10] . An intuitive illustration of the process is found by solving the Landau-Lifshitz-Gilbert (LLG) equation in the limit of weak damping (a ø 1), and a strong but short heating, as illustrated in the inset of Fig. 2 . Within t M after arrival of the heating pulse the canting angle u c is significantly reduced, which triggers a precession around the perturbed equilibrium direction (phase I). After thermal relaxation, u c is recovered. Nevertheless, due to its initial displacement, M starts to precess in its original anisotropy field (phase II). Note that the model predicts an initially negative Dc 00 ͞c 00 , in agreement with experimental observations. Furthermore, our explicit LLG simulations (including the proper damping) revealed the possibility to fit the experimentally observed canting angle, coercive field (ϳ200 Oe), and resonance frequency (2p͞v res ഠ 80 ps) with a single set (and realistic values) of K 2 and K 4 .
The field and temperature dependence of the induced oscillation yields a final confirmation of the underlying mechanism. Pulling M out of plane in a strong perpendicular field hinders the precession, which is observed as an almost complete quenching of the oscillation [Fig. 2(b) ]. Furthermore, the thickness range where the precessive phenomenon manifests itself matches well with the "canted" regime, as shown in Fig. 3 . As to the temperature dependence, the decreasing resonance frequency upon heating, shown in Fig. 2(d) , is well explained by a thermal softening of the effective magnetic potential.
Finally, we discuss our results in view of some recent publications. We rigorously vitiated the proclaimed evidence reported for an instantaneous demagnetization. Nevertheless, we do find an ultrafast magnetic response on a ps time scale. The latter statement is based on the agreement of the observed dynamics and T dependence of Dc 00 ͞c 00 with those expected for thermally induced demagnetization and solving a heat diffusion model. Most probably, the spin equilibration in nickel takes several hundreds of fs up to a ps, as concluded from the thermal difference of Dc 00 ͞c 00 (diamonds) in Fig. 2(c) . This leaves open the possibility of a ferromagnetic to paramagnetic phase transition within 0.5 ps, as convincingly demonstrated for CoPt 3 [11] . We emphasize that the spin-dependent lifetime (10 20 fs) found in two-photon photoemission [12] is not related to demagnetization, since the electron scattering involved can conserve spin. Also the MO time scales down to the 10 fs in Ni as calculated by Hübner and Zhang [13] are not related to t M , since the applied Hamiltonian conserves J e explicitly (if neglecting the photons). As to the interpretation of relatively slow (.50 ps) processes, our experiments have shown that care must be taken to distinguish demagnetization and orientational phenomena. As an example, the .100 ps features attributed to a slow "demagnetization" in photoemission studies on Ni [5] might have to be carefully readdressed.
Our new interpretation pushes t M from the tens of femtosecond regime towards t M ഠ t ep . This would mean that the lattice degree of freedom may act as a source of angular momentum, thus allowing a nonconservation of J e . Still, an extremely efficient spin-lattice relaxation would be required, which might be provided by the high density of states in the Ni d bands, an efficient interface scattering mechanism, or by the presence of a strongly nonequilibrium (hot) phonon system [14] . The latter might distin-guish our case of optical excitation from a perturbation with short magnetic field pulses, in which case a much slower t M 50 ps was found in Au [15] . In passing, we want to stress that the amount of photons involved in the experiments is by far not enough to contribute a significant J. In our experiment we typically have f exc ഠ 0.01. Combined with the relatively small dichroism in Ni (#0.01) this yields a direct photon-induced magnetization of at most 10 24 m B per site.
In conclusion, we provided clear evidence for nonmagnetic contributions to the femtosecond MO response in ferromagnetic nickel. An instantaneous demagnetization, as speculated on before, is unlikely. Our rough estimate of the spin relaxation is 0.5-1 ps, and may be explained by a highly efficient spin-lattice relaxation. On a slower (ϳ100 ps) time scale we have observed optically induced spin precession. We stress that this effect might not only be of fundamental interest, but could also be applied as all-optical real-time ferromagnetic resonance (FMR). Because of its high spatial resolution as compared to ordinary FMR, we foresee a high application potential in the research on microscopic magnetic elements relevant for data storage and spin electronic devices.
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